Hypothesis: Female sex imparts a survival benefit after traumatic injury in children.
M
ULTIPLE BASIC SCIENCE research studies suggest that sex influences survival following traumatic shock. In various animal models of experimentally induced hemorrhagic shock, exposure to female sex hormones (and/or lack of exposure to male sex hormones) has been shown to improve humoral and cell-mediated immunity, leading to improved survival. [1] [2] [3] The relationship between sex and recovery from posttraumatic shock in the clinical arena is unclear. A multicenter review by Wohltmann et al 4 suggests that women have superior survival after trauma. On the other hand, 2 large clinical database reviews by Napolitano et al 5 and Gannon et al 6 failed to show any disparate outcomes between sexes. Other studies assert that premenopausal females 7 and women with trauma-associated shock and sepsis may have improved survival outcomes after severe injury. 8 The independent effect of sex on pediatric trauma is largely unknown and offers a potential area of productive study. If indeed there is a hormone-dependent survival benefit, then girls who have attained menarche might be expected to exhibit lower mortality compared with similarly aged adolescent boys. Conversely, there should be no survival difference between premenarche girls and similarly aged preadolescent boys.
METHODS
We undertook a retrograde analysis of the prospectively collected data in the National Pediatric Trauma Registry (NPTR). The NPTR is designed to study the epidemiology, management, and outcomes of the acutely injured pediatric trauma patient. Ninety-three pediatric trauma centers or adult trauma centers with pediatric commitment contributed to this database, which includes trauma patients younger than 20 years admitted with a primary diag-nosis of injury. Burns, drowning, near drowning, and poisoning are excluded from the data set. Patients enrolled in the database between April 1994 and September 2001 were selected for analysis and the main outcome measure was mortality.
The t test was used to compare continuous variables, and the 2 test was used to compare categorical variables during univariate analysis. Following this, multiple logistic regression was used to analyze the independent effect of sex on mortality, adjusting for differences in demographics, injury severity, injury mechanism, type of injury, intent of injury, and any preexisting comorbid conditions.
To adequately adjust for injury severity, we used measures that would reflect the extent of each patient's anatomic injury and its physiologic sequelae. We also incorporated measures that controlled for head injury and extremity injury if present. For each patient, the New Injury Severity Score (NISS) 9 was calculated and used to adjust for severity of anatomic injury. The NISS was chosen in place of the more commonly known Injury Severity Score. 10 This was done because the NISS accounts for the 3 most severe injuries in patients irrespective of body part, whereas the Injury Severity Score is based on the most severe injury in 3 different body parts and may underestimate the injuries of patients with multiple severe injuries in the same cavity or body part. This may explain why the NISS has been shown to be a better predictor of outcomes in the pediatric age group. 11 To control for the physiologic sequelae of injury, we used the pediatric population-specific Pediatric Trauma Score. 12 To accurately control for interpatient variation, we also adjusted for the presence of severe head injury using the Relative Head Injury Severity Scale 13 and severe extremity injury using the Abbreviated Injury Scale (Abbreviated Injury Scale scoresϾ3 in the extremity body part were regarded as severe extremity injury). We further controlled for type of injury (penetrating vs blunt), intent of injury (intentional vs unintentional), and mechanism of injury (motor vehicle crashes, falls, bicycle crashes, etc), with mechanism groups determined by International Classification of Diseases, Ninth Revision external cause of injury codes. The age of each patient (in years) was also included in the regression analysis to control for any interyear age differences. Similarly, the presence of any documented preexisting medical condition (eg, asthma, sickle cell anemia, or attention-deficit/hyperactivity disorder) was also controlled for (for this purpose, a categorical variable that signified the presence or absence of any comorbidity was used).
These numerous variables were included in the logistic regression models to adequately control for the multiple factors that affect outcomes after trauma. In previous work, 14, 15 we have shown these variables to independently predict outcomes in pediatric trauma and we believe that adjusting for these sources of variance allowed us to accurately compare equivalently injured children on the basis of sex.
After initially analyzing all of the patients collectively, we then focused on severely injured children with traumaassociated shock, defined as a patient with an NISS of 16 or higher and hypotension (severe injury with shock [SIS] group). Hypotension was determined by documented systolic blood pressure (SBP) in the emergency department, adjusted for age. Hypotension was defined as SBP less than 74 mm Hg for patients aged 0 to 2 years; SBP less than 78 mm Hg for patients aged 2 to 4 years; SBP less than 82 mm Hg for patients aged 4 to 6 years; SBP less than 86 mm Hg for patients aged 6 to 8 years; and SBP of 90 mm Hg or less for patients older than 8 years. To analyze the effect of puberty and the natural emergence of sex hormones, we further stratified the patients into 2 groups by age: a preadolescent group (aged 0 to Ͻ 12 years) and an adolescent group (aged Ն 12 years). Age 12 years was chosen because the median age of menarche for girls in the United States is currently estimated to be 11.4 years. 16 
RESULTS
During the years studied, 49 235 records of children and their injuries were added to the NPTR. Complete data were available on 46 859 patients (95% of records), and these were selected for analysis. Boys accounted for 67% of the patients, and the mean age of patients in the registry was 8.2 years. Girls had a higher crude mortality rate than boys (3.1% vs 2.7%, respectively; P Ͻ.05), but after adjustment, no significant difference was found in the odds of mortality between sexes (odds ratio, 1.16; 95% confidence interval, 0.89-1.37). Stratification by adolescence or by the age group also did not yield any significant differences. Approximately 1.5% of patients included in the NPTR met our strict definition of SIS (NISSՆ 16 and hypotension). There was a preponderance of boys in both the preadolescent group and the adolescent group (60% and 65%, respectively, were boys). Figure 1 shows patient selection, stratification, and demographics for our study.
Among children who met the criteria for SIS, patients in the adolescent group had a significantly higher proportion of penetrating trauma compared with those in the preadolescent group (20% vs 6%, respectively; P Ͻ.05). Adolescents in the SIS group also had a significantly higher proportion of severe extremity injury than preadolescents in the SIS group (31% vs 9%, respectively; P Ͻ .05), whereas preadolescent children had a higher proportion of severe head injury than adolescent children (83% vs 46%, respectively; P Ͻ .05) ( Table 1) .
Crude mortality among children with SIS (all ages) was similar for boys and girls (42% vs 41%, respectively; PՅ.99). Similar crude mortality was also seen when children with SIS were compared by age and adolescence group. The preadolescent group (both sexes combined) had a crude mortality of 46%, whereas the adolescent group had a mortality of 40% (no significant difference, P =.2). As depicted in Figure 2 , the unadjusted mortality of adolescent girls was 11% lower than that of adolescent boys, but this trend difference was not statistically significant (P=.2). Among these patients with SIS, there was no significant difference in the unadjusted odds of death when girls were compared with boys. The odds of a girl dying as compared with a boy dying among all of the patients with SIS (n=697) was 0.92 (95% confidence interval, 0.68-1.26). Stratifying by age, we found that for preadolescents (n=532), the odds of a girl dying compared with a boy dying was 1.02 (95% confidence interval, 0.72-1.45); for adolescents (n=165), it was 0.62 (95% confidence interval, 0.31-1.22). The latter shows a strong, albeit statistically insignificant, survival benefit for adolescent girls. Table 2 presents the adjusted odds of death for girls compared with boys for the different age groups among patients with SIS. After adjusting for severity, mechanism, type and intent of injury, and comorbidities, we found no difference in survival between sexes in the preadolescent age group. However, adolescent girls demonstrated significantly decreased odds of death when compared with equivalently injured adolescent boys. After adjustment for all of the factors described earlier, we found that female sex reduced the risk of death by 62% among adolescent patients with trauma-associated shock.
COMMENT
Although improved outcomes in trauma care have been demonstrated following the development of trauma systems, advanced resuscitation paradigms, and evidencebased practices such as appropriate use of antibiotics, [17] [18] [19] the more persistent challenge exists in improving the substantial mortality and morbidity that occur following posttraumatic shock.
Given the substantial experimental research that suggests a hormone-dependent difference in outcomes between males and females, we took advantage of the natural hormonal divergence that occurs at puberty and attempted to compare sexes based on the presence or absence of sex hormones. After stratifying patients by adolescence and controlling for injury characteristics with multivariate logistic regression, we observed that preadolescent children with SIS had no difference in survival between sexes. However, among adolescent children with trauma-associated shock, girls exhibited an improved survival compared with boys, with female sex conferring a 2.5-fold survival advantage.
This sex dimorphism may be explained by emerging research suggesting that female traits, from either sexlinked genes or the presence of sex hormones, are associated with improved survival. 20 Chaudry and colleagues have made substantive contributions to this field, suggesting that female sex hormones (estrogens) have an immunoenhancing effect that helps protect patients after hemorrhagic shock. In one study, they showed estradiol to enhance the function of both cell-mediated and humoral immunity. 21 In a subsequent study using the murine model, they demonstrated proestrus female mice to have improved macrophage and lymphocyte responses after trauma-hemorrhagic shock, leading to improved survival. 22 Conversely, male mice have been found to have depressed immune responses and worse survival in simi- 23 Male sex hormones, or androgens, are believed to have an immunomodulating effect that suppresses the immune system. This may explain why castration of male mice has been shown to improve survival after the induction of trauma-hemorrhagic shock. 24 Further indication that sex hormones play a role in improving outcomes after trauma comes from 2 clinical studies that demonstrate improved outcomes after trauma among younger, premenopausal women only, 25,26 suggesting that female sex hormones have a protective effect after traumatic injury, similar to the known protective effect of estrogens against coronary heart disease.
These results may have significant application in advancing novel and currently experimental sex-based therapies for patients with the sequelae of severe trauma and sepsis. Immunomodulating agents including flutamide, an androgen antagonist, 27 and dehydroepiandrosterone, an estrogen precursor, hold promise in this regard. 28 This study is limited by the fact that the NPTR is now 6 years old and data collection has been stopped. The study also has limitations common to most trauma registry analyses, as it does not have sequential clinical data on patients that would allow us to determine how individual patients responded to resuscitation efforts. We were also not able to determine the location of the deaths of patients (intensive care unit, emergency department, floor, etc), nor could we adjust for the amount of fluids or blood products the patients may have received. The absence of these data prevented us from investigating the interaction between posttraumatic sepsis and sex-based outcomes, which would have been of great interest.
On the other hand, one of the strengths of our study is the use of the NPTR, which is recognized as a nationally representative sample of injured children. Many severely injured pediatric patients are brought directly to or transferred to large academic trauma centers that have submitted data to the NPTR, allowing it to capture a large number of severely injured children-a feature unique to this national database. We found our results to exhibit considerable construct validity, as results of our baseline data analysis were in the directions expected. For example, an increased proportion of teenagers was found to have severe extremity injuries, whereas the main cause for severe trauma in younger children was head injury. These findings are in line with previously published literature and are expected.
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CONCLUSIONS
Among children with trauma-associated shock, adolescent girls exhibit lower mortality than equivalently injured boys. This effect is not seen in similarly injured prepubescent children. These findings suggest that hormonal differences may play a role in the sex-based outcome disparities following traumatic shock in children. 
DISCUSSION
Gail Tominaga, MD, Honolulu, Hawaii: Although laboratory studies indicate that female rodents better tolerate the deleterious consequences of trauma and have higher survival rates than male rodents, it remains unclear whether a similar gender dimorphic pattern is evident in humans. Teleologically it makes sense that premenopausal women would have a survival advantage. However, the adult literature has been mixed. There have been reports of improved survival in women following trauma, others that show no association, and still others that show a subset of female patients with survival advantage. Interestingly, gender differences following blunt vs penetrating trauma have also been divergent. Chaudry's group reviewed their experience at the University of Birmingham in Alabama and found that male blunt trauma patients less than 50 years old had a 2.5-times higher risk of death than females. However, male penetrating-trauma patients greater than or equal to 50 years old had a survival advantage.
Pediatric data on gender differences and outcome are sparse. The current study is a review of the National Pediatric Trauma Registry. After controlling for various factors, they found no difference in survival between genders as a whole. However, on review of trauma patients with severe injuries (NISSՆ16) and traumatic shock (based on age-determined BP [blood pressure]), they found adolescent females to have significantly lower odds of death compared with adolescent males. They found no gender difference in preadolescent children. This supports laboratory work that has demonstrated the benefits of estradiol on the inflammatory response and survival following hemorrhage and the detrimental effects of androgens on survival following trauma and hemorrhage.
I have 4 questions for the authors. Can you postulate on how the mechanism of injury (ie, blunt or penetrating trauma) might affect gender-based hormones and outcome? Do you think the relationship of female gender and survival benefit is a causal one? Can you give your thoughts on why the results have been mixed in the adult trauma literature on this topic? And finally, how do you think we should use the data demonstrated in your study? Should we be considering orchiectomy or estrogen supplementation in our severely injured male blunt trauma patients? Dr Cornwell: Dr Haider's work points out several things, we believe, in terms of what will be an emerging and important question in outcomes as it relates to trauma patients. Over the last few decades, I have seen us kind of hitting the ceiling in terms of improving outcomes from things such as the appropriate use of antibiotics, endpoints of transfusion, trauma systems, and prehospital transport. We have been more frustrated, though, in trying to understand and address the question of host issues-a cytokine response gone awry or, in this case, the hormonal milieu of some of our patients. Therefore, it's still not clear to us why some patients with identical injuries have different outcomes.
The basic science research, as Dr Tominaga touched on, is fairly compelling. A castrated male rat does better than a noncastrated rat. Estradiol-blocked rats do worse than non-estradiolblocked rats following trauma hemorrhage. The issue of how this relates to clinical studies is why we addressed this. At the extremes of age where males and females have a less disparate hormonal milieu is where we would expect there not to be a gender-based outcome difference, and then after adolescence on through adult life, if there is something to this, we would expect differences to become apparent. But in pursuing this, several things have become clear. It has to be a well-done multivariate analysis so that we can control for all of the interrelated variables. This is going to be the responsibility of both program committees and journal editors because this sort of outcomes research is going to be more prevalent.
We have to be very careful that we don't send the wrong messages. Our univariate analysis suggested that the girls had worse outcomes across the board, but then when we looked on multivariate analysis at the subset, and we are only talking about 700 some odd patients out of 46 000, the subset with high injury severity and blood pressures less than 90, it was in that group and that group alone where postadolescent girls actually had a survival benefit.
To get to Dr Tominaga's questions, why do we see a differential effect? We think blunt and penetrating trauma not only are different diseases in terms of response and likelihood of shock and requirement for surgical intervention and the associated neuroendocrine response associated with that, but also some of these papers rely on just anatomic injuries, and it's fairly well established, I think, that certain injury severity scores don't work well or underestimate the severity of injury with penetrating injuries. The Injury Severity Score that most of us grew up with can be no higher than 25 if a patient has a gunshot wound isolated to the abdominal compartment, and yet the New Injury Severity Score that Dr Haider described takes that into account.
Another question along those lines is why there would be mixed results, and I think that also gets to the issue of the appropriate multivariate analyses to identify just the group at risk for morbidity and mortality.
In terms of clinical application, Dr Chaudry himself has suggested that, and we are on the verge of a new era where the androgen receptor blockade flutamine may have some applications. I will say that I think that it is quite possible within the next decade or so we may be embarking on a trial for appropriate patients. I would emphasize that in a database of 46 000 patients, the appropriate subset of patients would have been on the order of 700 patients in this series.
So, I think that we are coming closer to identifying those factors in the hormonal milieu and the appropriate patients, and therefore, the next step will be transient blocking agents.
David Hoyt, MD, San Diego, California: This is a very nice study. Wonderful analysis. I personally carry estrogen in my glove compartment because I do believe the animal data. Why
